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Abstract
A motor and flywheel system was designed to simulate the dynamics of the electric drive
train and inertial mass of a hybrid electric vehicle. The model will serve as a test bed for
students in 2.672 to study the energy losses between the battery, motor, and kinetic
energy of the car during acceleration and regenerative braking over a range of realistic
driving profiles. The goal is to maintain fidelity to the dynamics of a road-worthy vehicle
while making the model lab-safe and simple to operate.
The model drive train will be designed on a one-to-one scale with the vehicle to be
simulated. A motor and controller from an electric vehicle will be purchased to provide
realistic electric drive for the system. The kinetic energy of the car will be simulated by a
flywheel of equivalent mass. To keep the total energy in the system low enough to
satisfy safety concerns, the system will be limited to simulating the motion of a light car
moving up to ten miles per hour, representative of stop-and-go city traffic.
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1. Introduction
1.1 Thesis Roadmap
In Section 1, the purpose and motivation behind the project will be discussed. Section 1
also contains the functional requirements of the project objective.
Section 2 presents the technical background for the design objectives.
Section 3 details the design process, broken down by subsystem. The section begins with
a description of the overall design concept, with a discussion of both the theoretical and
physical realization system. Each subsystem is then discussed individually: flywheel and
gearbox, flywheel bearings, containment system, and structure.
Section 4 will outline the next steps required to bring the system on-line.
Recommendations are also given for possible modifications and expansions of the
project's potential.
Section 5 provides a brief conclusion to the paper.
Section 6 references outside sources quoted within this paper.
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1.2 Purpose and Motivation
The technology needed to build electric cars has been exceedingly slow to develop. At
the inception of the mass-produced automobile during the early 1900s, the internal
combustion engine proved to be such a cheap, reliable source of power for cars that it
virtually eliminated the demand for any other type of vehicle. Since that point,
alternatives to gasoline powered engines have enjoyed small increases in popularity only
during times of high fuel prices. It is only recently that electric power has broken into the
mainstream of personal vehicles.
In the past few years, hybrid electric vehicles (HEVs) have consistently been some of the
most sought-after vehicles on the market. In April of 2004, a nation-wide survey showed
new Toyota Prius hybrids averaged just six days on the dealers' lots before being
purchased, as compared to an average of 49 days for the Cadillac Escalade and 60 days
for the Hummer H2 (Davies 2004). At one particular dealership in San Diego, the
waiting list for the Prius was back-logged more than a year. Not only has demand for
HEVs been established, hybrids have become the hottest trend in the automotive industry.
While hybrid vehicles have become available to the public, the underlying technology is
not well understood by most consumers. To continue to improve hybrid technology and
to enjoy its benefits, it is important to make these technologies as accessible to young
engineers as knowledge of the internal combustion engine. Especially in university and
trade school environments, the underlying principles of electric power generation must be
investigated and understood so that they may be applied in industry.
In this thesis, a test bed will be created for use by undergraduate students in 2.672,
Projects Laboratory. This test bed will consist of a functional electric drive train, a
flywheel to simulate the mass of the vehicle, the necessary electronics necessary to
control the system, and the instrumentation needed for data collection. The drive train
and the flywheel will be designed so that the system dynamics closely simulate those of a
small HEV.
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An important aspect of the system is transparency. Users will gain far more
understanding of the system if they are able to observe each individual component and
watch their interactions in real time. The system must function the same way that it
would in a fully-assembled vehicle, but the construction must be "open" enough to allow
users to operate the instrumentation and have ready access to all the major components of
the system necessary.
Paramount to any student-run laboratory experiment is safety. The energy contained in
cars at even modest speeds is daunting for safe containment in an undergraduate
laboratory. The system uses tremendously high currents, high torques are transmitted
through the drive train, and the flywheel contains the same kinetic energy as a small car
driving through the lab. The system must be engineered to contain the energy necessary
to perform the experiment and to protect the students, even in cases of catastrophic
mechanical failure.
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1.3 Functional Requirements
The physical model of the hybrid electric drive train must satisfy the following
requirements:
1.) The motor and battery system must be constructed from parts usable in a road-
worthy electric or hybrid electric vehicle.
2.) The mechanical dynamics of the motor-to-flywheel system must emulate the
performance of the same motor in a typical small car.
3.) The system must be constructed and used in room 3-062, the 2.672 Lab. The
model must not impede work on other experiments.
4.) The system must be safe for laboratory use. Prior to construction, safety issues
must be discussed and approved by both C. Forbes Dewey, Class Instructor, and
Richard Fenner, Director of the Pappalardo Laboratories.
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2. Background
Hybrid electric vehicles are neither fully electric nor fully gas-powered, but have
components of each. The power train interactions vary slightly from model to model, but
most HEVs use a purely electric drive train at low speeds. This is the operational range
of the vehicle this model aims to simulate.
Hybrid electric cars are of particular interest to consumers because of their relatively high
fuel efficiency. This efficiency comes from the HEV's ability to capture and reuse
energy during braking that would otherwise be wasted as heat in a gas powered car.
As shown in Figure 1, the energy of the vehicle begins as fuel, which the internal
combustion engine (ICE) uses to turn the wheels, transforming chemical energy into the
kinetic energy of the car as it moves forward. To slow the car, the friction brakes are
engaged, transforming kinetic energy into heat, which is quickly dissipated into the
surroundings.
II Gas ICE Trans- Accelerating Vehicle I
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Figure 1: Energy flows in an internal combustion engine vehicle
Electric vehicles are capable of recovering much of this kinetic energy through what is
called regenerative braking. At rest, the energy is stored in the battery as electric
potential. As the car accelerates, the electric motor converts electric potential to the car's
kinetic energy. To slow the car however, the electric vehicle reverses the polarity on the
electric motor leads, turning the motor into a generator. The generator imposes a reverse
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torque on the wheels to extract kinetic energy from the vehicle's inertia and store it as
electric potential in the battery. As illustrated in Figure 2, the energy (theoretically) stays
within a closed loop.
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Figure 2: Energy flows in an electric vehicle with regenerative braking
Figure 2: Energy flows in an electric vehicle with regenerative braking
In reality, the energy loop is not completely closed. There is a quantifiable amount of
energy lost in one full cycle of acceleration and regenerative breaking. The goal of the
experiment within 2.672 is to determine the major points in the system where energy is
lost, and to determine the distribution of the energy losses between these points.
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3. Design Process
The design process for the model represents the bulk of the effort on the project. Design
began with higher-level systems engineering, division into subsystems, and progressed
into detailed engineering of each subsystem in a typical top-down engineering approach.
3.1 Conceptual Overview
The preliminary design of the system focused on decomposing the very complex
mechanical system of an electric vehicle into its essential subsystems. These systems
would be redesigned and re-integrated for laboratory experimentation.
3.1.1 Theoretical Discussion
As shown in Figure 3, the physical components of an electric vehicle can be separated
into two categories: a power generation system and an inertial mass. For a model to
maintain its fidelity to a roadworthy EV, both the power generation system and the
responding inertial mass must be designed to emulate their counterparts on an actual
vehicle.
Electric Vehicle:
Laboratory Model:
I
I
I
I
I
Power Generation
I
Inertial Mass
Figure 3: Separation of the power generation and inertial components in electric vehicles and the
laboratory model
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Within power generation section, the motor is the most critical component in determining
the dynamics of the system. The motor will be an off-the-shelf part used in kits to
convert internal combustion engine vehicles to electric vehicles (EVs). The difference
between HEVs and EVs is that electric vehicles have a purely electric drive train, while
hybrids share power with an internal combustion engine. Since this test bed is only
concerned with the low-speed, purely electrical operation of a hybrid vehicle, these parts
will accurately simulate a hybrid system at low speeds, despite being EV parts.
The motor will be a Solectria AC24 controlled by a DMOC445 Inverter/Controller. Both
the motor and controller are produced through Azure Dynamics of Woburn,
Massachusetts. The system requires a 156 V power supply. The system will be powered
by thirteen standard 12 V lead-acid batteries wired in series. This combination of battery,
controller and motor is exactly what could be found in a converted electric car, which
performs indistinguishably from a hybrid car at low speeds.
The transmission will be simulated by an industrial gearbox, and will be geared
appropriately to match the design of the flywheel.
While the configuration of the drive train section is prescribed by the components
available, the inertia simulation system design is much more open-ended. Energy within
this subsystem is stored as rotational kinetic energy of a flywheel. The functional
requirement for the inertia simulator is to store the same amount of energy in the
flywheel as would be stored in the translational kinetic energy of a car at the same motor
speed. For example, if an electric car moves forward at 25 mph when its motor operates
at 1000 revolutions per minute (RPM), the car has a particular translational kinetic energy
KE25mph. In a correctly designed inertia simulation system, the flywheel must also
contain KE25mph when the motor in the experiment is spinning at 1000 RPM.
3.1.2 Physical Implementation
The physical design of the overall system and all subsystems was done with parallel
requirements of safety and accuracy.
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The initial idea for the system had all components installed on a work bench for
convenience (Figure 4). In this concept, the flywheel bearing would be anchored to the
table and the flywheel would hang over the edge, spinning like a car wheel suspended a
few feet above the ground. A cage would be built around the wheel to contain it in the
case of bearing failure.
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Figure 4: Early concept of bench-mounted flywheel
However, it became clear that the size and velocity of the flywheel would require a more
solid anchor than the lab bench could provide. Also, it was noted that a flywheel
spinning with its axis parallel to the floor (such as in Figure 4) would have a tendency to
bounce and roll through the lab if it came off its bearings. This was declared
unnecessarily dangerous. The flywheel was moved to the floor and positioned on its side,
with a vertical axis of rotation. In the case of bearing failure in this design, the flywheel
would not land directly on its rim and tear through the laboratory. It was also determined
that a stronger containment system could be built on the concrete lab floor as opposed to
the lab bench.
With the most dangerous component of the system placed, the location of the other
components immediately followed. A heavy, well anchored containment system would
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surround the flywheel on the floor. An in-line gearbox mounted to the containment
system would be used to drive the flywheel, and the motor would sit on top of the gear
box with its driveshaft aligned with the gearbox input shaft.
The weight of the flywheel would be supported by its bearings, which would be directly
mounted to the concrete floor. The weight of the motor and gearbox would rest on a
support structure (to be designed later) that would sit on the containment system,
alleviating excess stress on the flywheel bearings. To keep vibrations from imbalances
and misalignments minimized, flex couplings would be used between the flywheel and
the gearbox, as well as the gearbox and the motor.
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Figure 5: Conceptual exploded view of key
system components, dated February 13, 2006
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Figure 6: Exploded view of key system
components in final assembly, dated May 10,
2006
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3.2 Flywheel and Gearbox
With the flywheel and gearbox representing the inertial mass system of the model, the
fidelity of the physical model to the actual vehicle hinged on the proper design of these
two components. The flywheel must be the correct moment of inertia and spin at the
corresponding correct speed, as controlled by the gearbox. To complicate maters further,
the flywheel contains the most kinetic energy of any component in the system, and must
be designed to conservative safety standards.
3.2.1 Flywheel Design, Theoretical Discussion
The goal of designing the inertial simulation subsystem is find a combination of the
flywheel's moment of inertia I and a gearbox ratio b that will remain true to the dynamics
of an actual electric car, while still being safe to operate in the laboratory.
For the inertial components of the system to be properly designed, they must meet the
following criteria for any given motor speed:
KEmodel car [1.1]
The kinetic energy of the model is the rotational energy stored in the flywheel, and the
kinetic energy of the car is translational. Re-writing these equations, where I is the
moment of inertia of the flywheel, Oflywheel is the angular velocity of the flywheel, and
mcar and vcar are the mass and velocity of the car, respectively:
1 21 2
2 flywheel 2 2 mcarVcar[
[1.2]
An additional requirement is that the motor in the model and the motor in the car be
spinning the same speed when these equations hold true:
Womodel motor = car motor [1.3]
Rewriting Eq. 1.2 in terms of cOmodel motor and COcar motor allows for the use of Eq. 1.3 to
cancel these terms out.
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Looking strictly at the energy of the car in Eq. 1.2, the motor speed can be related to the
vehicle speed by use of the gear ratio n between the motor and the wheels:
Scar motor = n SOcar wheels [1.4]
Assuming no slipping of the tires, the velocity of the car is related to the spinning of the
wheels by:
Vcar S O)car wheelsrcar wheels [1.5]
1
Vcar - car motorrcar wheels
n [1.6]
1 2 2
KEca= n car car motor'car wheels [1.7]
Turning to the flywheel side of the equation, the rotational speed of the flywheel is
related to the rotational speed of the model motor by the gearbox ratio b:
COmodel motor -b Oflywheel [1.8]
model 2 2 moelmotor
~Emo del = 2 Imodel motor [1.9]
1 2 1 2 2
2b 2 modelmotor 2n2 car carmotorrcarwheels [1.10]
Using Eq. 1.3 to cancel out Womodel motor and car motor, then isolating I:
b2
I = 2 mcarrcar wheels
n [1.11]
In designing the flywheel, the variables I and b are left to the designer. The variables
mcar, n and rcar wheels are set by the car to be modeled. Here the subject is a 2006 Honda
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Insight Coupe: mcar-1880 lbs (820 kg), n=10 and rcarwheels=O1.6 in (.27 m) with low-
rolling-resistance tires (Honda 2006).
In order to carry out the experiment successfully, the flywheel would need to store at
least 8,000 J in steady state, or the equivalent energy of our Honda Insight moving at 10
mph (4.4 m/s). This is the minimum energy necessary for students to simulate realistic
stoplight-to stoplight inner city driving patterns.
Theoretically, a flywheel of any I could be used to simulate the kinetic energy of the car,
provided it was geared correctly. For example, the same energy could be stored in a large
flywheel that spins slowly or a small flywheel that spins quickly. However, there are
practical limits on how large the flywheel can be and how fast it can safely spin.
In designing the flywheel, there were three major constraints: radius, weight, and
maximum rotational speed (measured in RPM.) The radius is constrained to the size of
the allotted laboratory space. The weight of the flywheel must be kept small so it can be
easily manufactured and handled. The maximum RPM of the flywheel should also be
kept small for safety reasons. It is impossible to minimize more than one variable at
once, so a performance envelope needed to be developed to chose a reasonable
compromise between the three.
High-speed flywheels for this type of application usually assume the shape of short
cylinders (disks) with a few modifications. Oftentimes they have extra weighting around
the outer radius for added angular momentum, but the cylindrical disk approximation
gives a good first-order approximation for the dimensions this flywheel will need to be.
The angular moment of inertia for a cylinder rotating about its symmetric axis is given by
the equation:
M 2
Icylinder mcyillinderrcylinder [1.12]
where Icylinder, mcylinder and rylinder are the respectively the moment of inertia about its axis
of symmetry, mass, and radius of a cylinder. Using the cylindrical disk approximation,
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an envelope for the radius, mass and maximum RPM of the flywheel can be determined.
For flywheel radius range from 0.2 m to 0.5 m and for flywheel gear ratios one to eight,
the corresponding flywheel masses and maximum RPM are displayed in Table 1.
Table 1: Constraints envelope for flywheel sizing.
From Table 1, it can be seen that if the gearbox were to be omitted all together (the b=1
column,) weight could minimized by using a disk of radius .50 m and a mass of 11 lbs.
However, this comes at the cost of a very high maximum RPM. It would be unsafe for
just about any flywheel to spin this quickly in the lab, especially one as wide as this 1 m
diameter disk. On the other end of the spectrum, RPM could be minimized along with
the flywheel radius by using an 8:1 gearbox and a heavy flywheel. The tradeoff is that
the wheel would be incredibly heavy at 8600 lbs, over four times as heavy as the car we
are simulating. Clearly this isn't a realistic option either. The best combination of size,
mass and speed likely falls somewhere within the middle of the envelope.
It was decided that a 5:1 gearbox would be used with a flywheel of .45 m radius. This
would reduce the maximum RPM to 311, or just over 5 rotations per second. Were this
to be a uniform disk, the flywheel would weigh 325 lbs., but with weight removed from
the inner part of the wheel and added to the rim, the weight could be slightly reduced.
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b= 1 2 3 4 5 6 7 8
/ (kg*mA2)= 0.60 2.39 5.38 9.56 14.94 21.52 29.29 38.26
Max RPM= 1557.40 778.70 519.13 389.35 311.48 259.57 222.49 194.67
Radius (m) Mass (Ibs)
0.14 134 538 1210 2152 3362 4841 6589 8606
0.16 103 412 927 1647 2574 3706 5045 6589
0.18 81 325 732 1302 2034 2929 3986 5206
0.21 60 239 538 956 1494 2152 2929 3825
0.25 42 169 380 675 1054 1518 2066 2699
0.30 29 117 264 469 732 1054 1435 1874
0.35 22 86 194 344 538 775 1054 1377
0.40 16 66 148 264 412 593 807 1054
0.45 13 52 117 208 325 469 638 833
0.50 11 42 95 169 264 380 517 675
3.2.2 Flywheel Design for Fabrication
By choosing a 5:1 gear ratio, the moment of inertia of the flywheel was fixed at 15 kg-
m2. The challenge then became how to cheaply and easily manufacture a flywheel with
that moment of inertia the still met the safety requirements of the project.
The first iteration design of the flywheel was made of laminated sheets of steel. In order
to decrease weight while maintaining moment of inertia, the top and bottom laminates
were solid disks, but the layers in between were flat rings, six inches wide and flush with
the outer diameter of the disks. The lamination would be held together by bolts through
all the sheets.
There were many problems with this design. Most directly, the waterjet machines
available on the M.I.T. campus were too small to cut the disks or the rings as single
pieces. The stock would have to be cut into several pieces and fit together during the
laminating phase. This also raised concerns about the reliability of an assembled
flywheel during a mechanical failure. It became apparent that a flywheel held together
by a bolt ring was more likely to come unbalanced and break into small pieces than a
flywheel cut from a monolithic piece of steel.
The second iteration design was to be cut from a single sheet of 1.5" thick steel. Instead
of saving weight by leaving a hollow interior between laminated sheets, the solid disk
was to have pie-slice shaped holes cut in it, effectively leaving spokes between the center
and the rim (see Figure 7). This design was stronger than a laminated design, had nearly
the same moment-to-weight ratio as the laminated design, and would require far less
assembly.
22
Figure 7: Isometric view of final flywheel design
Again, this design still had the problem that M.I.T. lacked the facilities to cut such a piece
from stock. Fortunately, through Peter Morley at the M.I.T. Central Machine Shop,
Alliant Metals was located, a vendor with the capacity to waterjet the entire wheel before
delivery. This design was finalized and sent to Alliant Metals for fabrication.
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3.3 Flywheel Bearings
Early in the design process, a set of tapered roller bearings were identified as a good
choice for the flywheel mount. Tapered roller bearings are the type of bearings typically
used in car and truck wheels, and are able to withstand both high radial and axial loads.
By the design of tapered roller bearings, high compressive forces only push the bearings
into tighter alignment, so they are typically kept in compression throughout operation.
Several designs were considered before the details of the final bearing block design were
settled upon. As a safety consideration, the bearing shaft was intentionally over-designed
in proportion to the bearings. The purpose behind this design choice was to ensure that
the bearings fail long before the shaft breaks. A bearing failure will cause a tremendous
amount of noise at speed, signaling the lab that there is something wrong with the
experiment without doing any actual damage. The bearings are relatively cheap
compared with the other parts of the system, and they are stock parts that are quickly
replaceable. Conversely, if the shaft were to fail before the bearings, there would be no
warning, far more danger to personnel in the vicinity, and more damage to the experiment
and lab equipment.
Timken brand tapered roller bearings were selected with a 2.75" diameter bore, part
numbers 29675 for the inner cone and roller assembly and 29620 for the outer cup.
24
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Figure 8: Preliminary bearing design, dated February 13, 2006
Figure 9: Cross section of final bearing design, dated May 10, 2006
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3.4 Containment
Perhaps the most difficult challenge of the project was designing a suitable containment
system for the flywheel. The sole purpose of the containment unit is to arrest the
flywheel in case of a catastrophic failure and protect the laboratory and its occupants
from any fast-moving debris. The safety-critical nature of this component demands that
the design be based on securely conservative failure models. In cases where a solid, high
resolution model for failure is not available, the system must be designed to the worst-
case scenario.
These stringent requirements are complicated by the sheer quantity of energy needed to
be contained. Since the energy in the flywheel is, by design, the same amount contained
in a car moving at 10 mph, the containment system can be thought of as having to stop
that same car moving 10 mph through the lab. Needless to say, the structural
requirements of this system are daunting.
Containment design was approached from the angle of energy dissipation. During
normal operation, the flywheel contains all the energy in the system as rotational kinetic
energy about the axis of the bearings. In this state, the energy is safe and well-contained.
The energy becomes dangerous if it is converted into translational energy, i.e. matter
shooting through the lab at high speeds. The worst-case scenario for this conversion of
energy would be the failure of the bearing shaft. In this case, the whole mass of the
flywheel becomes unanchored and available for projectile motion.
Even without a perfect failure model, some basic ideas about flywheel containment led to
an intuitively solid containment design. Dr. Martin Culpepper made the observation that
instead of designing a barrier to halt a ballistic wheel in an impulse, the containment
system should instead keep the momentum of an unanchored wheel moving in a harmless
path and let friction slow the wheel down over a longer period of time.
This led to the idea of a steel ring structure around the flywheel, with only an inch or less
space between the flywheel and the inner diameter of the ring. In the case of a bearing
failure, instead of blasting through a containment barrier, the rim of the spinning flywheel
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would catch the inner diameter of the containment ring and spin around and around
within the confinement of the ring. To visualize this motion, think of the motion of the
"planets" in a planetary gear train. By keeping the flywheel moving, the energy would be
dissipated over a much longer period of time and reduce instantaneous strain on the
system.
While it was well agreed upon that not all the rotational kinetic energy could be
converted into translational energy instantaneously, it was unclear exactly how much
energy could be converted prior to an impact. In order to be conservative, the first
iteration design modeled catastrophic failure of the bearing block as an instantaneous
conversion of eight kilojoules of rotational kinetic energy to translational kinetic energy.
An analysis of this situation returned grim results.
Immediately the anchors holding the containment unit to the floor were identified as the
weakest link in the safety chain. Assuming a rigid containment ring, 8,000J of energy
would be enough to shear a cross sectional area of more than 50 square inches of steel
anchoring the system to the floor. This would require over 250 half-inch diameter bolts
be anchored into the lab floor.
Of course, this model was massively over-conservative. It assumed that steel in shear
ultimately fails immediately beyond the elastic region of the stress-strain curve. It also
assumes no remaining rotational energy in the flywheel at impact, no loss of energy to
deformation of the wheel or deformation of the containment ring. It additionally requires
a sharp cutting die to shear the anchors with minimum energy. All of these assumptions
are too conservative to yield a usable failure model. They would have to be re-examined
for more realistic results.
The next iteration of analysis refined the 100% conversion between rotational and
translational kinetic energy. It was assumed that the worst-possible failure would be if
the bearings were to fail and the rim of the wheel were to catch rigidly against a spot on
the floor. The flywheel would then pivot about the point caught on the floor, but it would
still be rotating in addition to translating the center of gravity, as shown in Figure
27
10Figure . In this worst-case scenario, only 4867 J of energy are converted into
translational energy with potential to shear bolts.
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Figure 10: Dynamic analysis of rim-catch scenario
The reduction of the estimate to 4867 J of shearing energy was still an unrealistically
conservative. By the same assumptions listed above, this amount of energy could shear
154 bolts 1/2" in diameter. This would be a practical impossibility to install. It became
clear that relying on rigidly tightened bolts to absorb a large quantity of kinetic energy in
shear would not be a good idea. However, at this point it was noted that it takes far more
energy to break ductile materials by elongation instead of shear. The next iteration
design attempted to take advantage of this characteristic of metals.
The next design iteration centered on anchoring the system using bolts that would fail by
bending instead of shearing. The design shown in Figure 11 demonstrates how using
larger diameter through-holes in the containment rings and spacers above and below the
flywheel allows the bolt to deform to a great extent before finally breaking in bending.
Unfortunately, stress-strain analysis showed that the energy payoffs were very small and
overall strength was reduced.
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The focus then turned to
refining the failure
model again. Assuming
friction converts 5% of
rotational energy to
translational energy
when the flywheel first
catches the floor, only
400J of energy are
converted into
translational energy and
the flywheel impacts the
barrier going a more
manageable 2.6 m/s, as
opposed to a previously
assumed 11.8 m/s.
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Figure 11: Non-shearing anchor design idea, eventually discarded
a rigid surface at 2.6
m/s estimated the errant flywheel would be in contact with the surface for a duration of
800 microseconds between impact and rest. Acceleration was assumed to be constant
throughout the duration. Force on the bolts was estimated as the force needed to stop the
flywheel within that time period, plus the frictional force of the flywheel's spin on
impact. A design would fail if the sum the impact and spin-resisting forces on the
container exceeded the sum of the shearing forces of the bolts. A range of frictional
coefficients were collected and the most conservative (highest) coefficient was used.
The analysis concluded that the resultant force of the impact would be 525 kN. A
standard SAE grade-5 bolt with a /2" diameter can safely hold up to 26 kN in shear,
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meaning that 21 anchored bolts would be required to sustain the impact. While closer to
the goal, it would still be impractical to put 21 anchors on a 46" diameter circle.
The final iteration design focused on breaking down the assumption that all energy must
be absorbed in shearing of the anchors. As shown by the first design analysis, shearing of
steel is not a good way to dissipate energy. The energy needed to be dissipated by other
parts of the containment system, not just the floor anchors.
Inspiration for the idea came, again, from emulating industrial practice. Barriers on
highways must be designed to withstand the impact of vehicles, most of which are larger
and moving at higher speed than our simulated car. Most highway barriers are made
from reinforced concrete; that is concrete with embedded steel rebar.
Reinforced concrete combines the extensional strength of steel with the compressive
strength of concrete, making it tough in both types of stress. Road barriers vary in size,
but 8" thick is roughly the median thickness for a typical traffic barrier, and these barriers
have been shown to hold up well in low-speed traffic accidents. A design based on these
observations was proposed as seen in Figure 12.
4
4
Figure 12: Cross section of containment unit with flywheel and bearing inside
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The design consists of two steel rings, concentric with the flywheel, serving as a mold for
concrete to be poured between them. The rings would stand 4.5" high and have a space
of 8" between them. The concrete would be poured around pre-installed bolts set in
concrete anchors and sheathed by aluminum sleeves. After the concrete solidifies, the
bolts will be removed, a .25" thick lid installed on top of the assembly and re-secured
with the bolts.
The breakthrough with this design was how the strengths of the ductile and brittle
materials work with each other. An impact against the inner ring causes the loads to be
distributed around the inner surface of the concrete. The concrete is brittle, but also very
high strength in compression and fracture toughness, requiring a lot of energy to
completely break a large volume. The fracture behavior is also resisted by the outer ring
holding the concrete together. The lid provides added reinforcement and containment for
small debris. The robustness of this design allowed the number of bolt anchors to be
reduced to 12 without compromising safety.
3.5 Structure
The challenge for designing a sound structure to support the motor and gearbox was
threefold: 1) these two components are extremely heavy, weighing a combined 2901bs, 2)
the drive train produces very high torques (at maximum load, the gearbox will turn the
flywheel at over 360 N-m) and 3) the interfaces between motor, gearbox and flywheel
must be aligned to within very tight tolerances.
Channel steel was chosen for its low cost and ready availability among a number of
potential vendors, making competing bids easy to obtain. It is also relatively easy to
machine and weld.
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Figure 13: Frame with motor and gearbox
The design began with the interface to the gearbox and the motor. The gearbox is the
most massive component, so it would be mounted first and would dictate the alignment
of other components. The motor would be aligned using locator pins in the bolt circle
concentric with the driveshaft. Through holes would be drilled through these locations
and bolted from the under side. The whole frame, gearbox and motor assembly would
then be aligned to the flywheel on top of the containment lid. The assembly would then
be bolted into place on the lid.
Diagonal pieces or gussets on all faces were used to stiffen the frame against torsional
loads. To aid in construction and assembly, the frame was designed to not require
diagonal pieces to be cut at an angle. All non-right-angle pieces will be welded flat on
faces between the two pieces they support. This reduces the amount of time needed to
measure angles and the difficulty in cutting these angles to tight tolerance.
The structure rests on two horizontal U-channels that span the diameter of the
containment lid. The .25" thick lid is structurally sound enough to support the weight of
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the gearbox and motor without yielding, but the system requires additional stiffness to
resist deflection caused by vibrational loads from the drive train. The U-beams distribute
the loads to the outer section of the lid that rests on the solid concrete base.
Figure 14: Final system design
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4. Future Work
While the structural and functional mechanics of this system have been fully designed
and construction is underway, there is much work remaining in the calibration and end-
use of the model.
The next step in making this model useful in the laboratory is to install the needed
instrumentation on the system. Energy travels through the system in chemical, electrical,
mechanical, and thermal forms. Careful monitoring of the energy exchanged between all
components in all forms is paramount to the success of the experiment. This will require:
1.) Thermocouples on the motor, gearbox, and bearing block to monitor the
temperature of these key mechanical components
2.) Multi-meters, one connected between the battery and the controller, one connected
between the controller and the motor, to monitor voltage and current through the
system
3.) A tachometer to monitor the angular velocity of the flywheel as a function of time
4.) A real-time data collection system to digitally log all of these inputs for the
duration of the experiment, so that the findings may be post-processed with
greater ease
Once the instrumentation has been installed and verified, the next step will be to calibrate
the dynamics of the system to the behavior of actual vehicles. A vehicle of comparable
size and weight to a 2006 Honda Insight should be taken through a series of tests to
quantify the rolling resistance of the whole car. One important test would be accelerating
to ten miles per hour, then putting the car in neutral and timing how long it takes for the
car to come to rest on a smooth, level surface. Changes may need to be made to the
experiment to add the appropriate amount of friction necessary to simulate the dynamics
of the road vehicle.
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5. Conclusion
With hybrid electric vehicles storming into the automotive industry, it is imperative that
undergraduate mechanical engineers be educated in the principles behind this rapidly
maturing technology. This thesis outlined the requirements for a laboratory-safe, one-to-
one scale physical model of the drive train of an electric vehicle. The model was then
carried through the complete design process, from conceptualization to detailing to
analysis and verification. Fabrication of the design is currently underway, and will be
fully operational by the fall semester of the 2006-2007 school year.
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